Chlorarachniophytes and cryptophytes possess complex plastids that were acquired by the ingestion of a green and red algal endosymbiont, respectively. The plastids are surrounded by four membranes, and a relict nucleus, called the nucleomorph, remains in the periplastidal compartment, which corresponds to the remnant cytoplasm of the endosymbiont. Nucleomorphs contain a greatly reduced genome that possesses only several hundred genes with high evolutionary rates. We examined the relative transcription levels of the genes of all proteins encoded by the nucleomorph genomes of two chlorarachniophytes and three cryptophytes using an RNA-seq transcriptomic approach. The genes of two heat shock proteins, Hsp70 and Hsp90, were highly expressed under normal conditions. It has been shown that molecular chaperone overexpression allows an accumulation of genetic mutations in bacteria. Our results suggest that overexpression of heat shock proteins in nucleomorph genomes may play a role in buffering the mutational destabilization of proteins, which might allow the high evolutionary rates of nucleomorph-encoded proteins.
Plastids were acquired by multiple endosymbiotic events of photosynthetic organisms. Plants and several algae (e.g., glaucophytes, green, and red algae) acquired plastids through a primary endosymbiosis of a cyanobacterium (Rodríguez-Ezpeleta et al. 2005; Price et al. 2012) . Many other algal groups have more complex plastids, called secondary plastids, which originated from green or red algal endosymbionts via secondary endosymbioses (Gould et al. 2008; Archibald 2009; Keeling 2010) . In these events, many of the genes residing in the endosymbiont genomes have been lost or transferred to the host nuclear genome, resulting in the highly reduced organellar genome in modern-day plastids (Martin et al. 1998; Dorrell and Howe 2012) . Chlorarachniophytes and cryptophytes possess secondary plastids derived from green and red algal endosymbionts, respectively. These two algal groups are of special interest because their secondary plastids still possess a relict nucleus, called the "nucleomorph," of the engulfed algae, whereas many other algae have lost this organelle (Gilson 2001; Archibald 2007) . Nucleomorphs are located in the plastid intermembrane space, the so-called periplastidal compartment (PPC), which corresponds to the remnant cytoplasm of the algal endosymbiont. Nucleomorphs contain a greatly reduced genome under 1 Mb in size, which is the smallest among the known eukaryotic nuclear genomes (Moore and Archibald 2009; Ishida et al. 2011) . Complete nucleomorph genome sequences have been reported in a chlorarachniophyte (Gilson et al. 2006 ) and four cryptophyte species Lane et al. 2007; Tanifuji et al. 2011; Moore et al. 2012) . Nucleomorph genomes sequenced so far consist of three linear chromosomes possessing only several hundred genes. All nucleomorph genomes encode a small number of plastid-associated proteins and hundreds of housekeeping proteins, suggesting that nucleomorphs are essential for the maintenance of plastids. However, numerous important genes for nucleomorph biogenesis are absent from nucleomorph genomes (e.g., DNA polymerase genes). Recently, complete nuclear genomes were sequenced for the chlorarachniophyte Bigelowiella natans and the cryptophyte Guillardia theta , revealing the existence of more than 1,000 nucleus-encoded proteins predicted to be imported into the PPC to carry out essential functions not encoded by nucleomorph DNA.
Nucleomorph genomes are characterized by a highly compact structure with very short intergenic regions Williams et al. 2005) . The impact of this genedense structure on the regulation of nucleomorph gene expression is poorly understood. Recently, Tanifuji et al. (2014) reported the transcription patterns of nucleomorph genes using genome mapping analyses with RNA-seq data sets in the chlorarachniophyte B. natans and three cryptophytes. In all four species, RNA transcripts covered over 99% of the entire nucleomorph genomes including intergenic regions, and global transcript levels were equal or higher for nucleomorph genes than for nuclear homologs. We have studied the nucleomorph mRNA expression in these four species as well as another chlorarachniophyte Amorphochlora amoebiformis and discovered that nucleomorph genes for two heat shock proteins (NmHsp70 and NmHsp90) are transcribed to a remarkable degree. Our results imply a relationship between higher levels of Hsp transcripts and higher evolutionary rates of nucleomorph genes.
To calculate the relative mRNA expression levels of nucleomorph-encoded proteins, we analyzed transcriptome data from two chlorarachniophytes, A. amoebiformis CCMP2058 (formerly Lotharella amoebiformis) and B. natans CCMP2755, and three cryptophytes, G. theta CCMP2712, Cryptomonas paramecium CCAP977/2A, and Chroomonas mesostigmatica CCMP1168, that were generated by the National Center for Genome Resources Marine Microbial Eukaryotic Transcriptome Sequencing Project (sample IDs are MMETSP0038, 0042, 0045, 0046, and 0047; https://www.marinemicroeukaryotes.org/, last accessed March 12, 2014). Several million RNAseq reads were mapped onto the nucleomorph genome sequences, and the depth of coverage in each protein-coding region was measured. Relative transcript levels were estimated by calculating RPKM (Reads Per Kilobase of exon per Million mapped reads) values (Mortazavi et al. 2008 ). In the two chlorarachniophytes, the average transcript levels among all nucleomorph genes were found to be 3,032 and 3,691 in A. amoebiformis and B. natans, respectively. Interestingly, the transcript levels of two heat shock protein genes, NmHsp70 and NmHsp90, were significantly higher, at 54,375 and 45,761 in A. amoebiformis, and at 35,738 and 38,000 in B. natans, respectively ( fig. 1A and B and supplementary tables S1 and S2, Supplementary Material online); none of the genes for known cochaperones of NmHsp70 and NmHsp90 or small heat shock proteins have been detected in the nucleomorph genomes. The mRNA derived from these two genes is predicted to comprise 11% and 7% of the total nucleomorphderived mRNA in A. amoebiformis and B. natans, respectively.
To compare the mRNA expression levels of nucleusand nucleomorph-encoded heat shock proteins, we carried out real-time quantitative polymerase chain reaction with gene-specific primers for A. amoebiformis. The NmHsp70 and NmHsp90 genes were highly transcribed in comparison with the nucleomorph-encoded plastid translocon NmToc75, which showed an average transcript level ( fig. 1C ), in agreement with the transcriptome data. The transcript levels of the NmHsp genes were equal to or greater than those of nucleusencoded cytoplasmic homologs ( fig. 1C ). Because translation rates of nuclear and nucleomorph genes are unknown, we were not able to compare the amount of protein based on mRNA transcript levels. However, it would be interesting to see whether levels of nucleomorph-encoded heat shock proteins are as abundant as their transcripts, because the volume of the PPC in which the nucleomorph resides is much smaller than the cytoplasm. Although the transcript levels of cytoplasmic Hsp70 and Hsp90 changed dramatically under light and dark conditions, the NmHsp70 and NmHsp90 genes were constantly highly expressed in the PPC (fig. 1C) . Light induction of Hsp transcripts has been reported in various photosynthetic organisms including the cyanobacterium Synechocystis (Hihara et al. 2001) , the green alga Chlamydomonas (von Gromoff et al. 1989) , and land plants (Li et al. 2000; Rossel et al. 2002) . Our results suggest that the transcript levels of nucleus-encoded Hsps in chlorarachniophyte also increase in response to light.
Exceptionally high levels of Hsp gene transcription were also observed in cryptophyte nucleomorph genomes. The transcript levels of NmHsp70 and NmHsp90 were found to be 57, 544 and 43, 706 in Ch. mesostigmatica, 58, 270 and 31, 472 in G. theta, and 25, 571 and 15, 252 in C. paramecium, whereas the average transcript levels among all nucleomorph genes of these species were 2,021, 2,333, and 2,768, respectively ( fig. 2A -C, supplementary tables S3-S5, Supplementary Material online). The mRNA transcripts from NmHsp genes were predicted to comprise 10%, 8%, and 3% of the total nucleomorph-derived mRNA in Ch. mesostigmatica, G. theta, and C. paramecium, respectively. NmHsp70 and NmHsp90 were the most highly expressed genes in the nucleomorph genomes of Ch. mesostigmatica and two chlorarachniophytes. However, in G. theta and C. paramecium, the mRNA levels of a few genes for plastid stroma proteins (CbbX and ClpP1) and nucleomorph-localized proteins (Gsp2 and H2B) were greater than those of NmHsp genes ( fig. 2B and C, supplementary tables S4 and S5, Supplementary Material online).
Molecular chaperones, including heat shock proteins, are essential proteins that play an important role in the folding, disaggregation, and intracellular transport of proteins in cells (Saibil 2013 ). The PPC is predicted to contain fewer proteins than the cytoplasm, because the volume of PPC and the number of nucleomorph genes are much smaller than that of cytoplasm/nuclear genes. This raises the question: Why are the Hsp70 and Hsp90 molecular chaperones so highly expressed in the nucleomorph genomes? One intriguing possibility is that it is related to the evolutionary rate of nucleomorph genomes. In Escherichia coli, it has been reported that the overexpression of GroEL/GroES chaperonins mask the deleterious effects of mutated proteins, which allows for an increase in the number of accumulating mutations (Maisnier-Patin et al. 2005; Tokuriki and Tawfik 2009) . In eukaryotic cells, Hsp90 is thought to act as a buffer for genetic variations (Taipale et al. 2010) . Furthermore, members of the bacterial genus Buchnera, which are endosymbionts of aphids, have greatly reduced genomes, which evolve faster than their homologs in closely related free-living bacteria (Moran 1996) . Most of the heat shock proteins in Buchnera aphidicola are overexpressed even under nonstress conditions (Wilcox et al. 2003) , implying that these chaperones mask the destabilizing effects of mutations and allow the genetic variation in the endosymbiotic genome (McCutcheon and Moran 2012) . A similar situation is seen in the nucleomorph genomes of chlorarachniophytes and cryptophytes.
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Our analysis of expression levels revealed a second noteworthy bias in base composition of nucleomorph genes. It has been shown that highly expressed genes are less divergent and have an amino acid compositional bias leading to a higher GC content in AT-rich genomes of bacterial endosymbionts (Schaber et al. 2005 ) and the eukaryotic parasite, Plasmodium (Chanda et al. 2005) . Nucleomorph genomes are also extremely AT-rich genomes. We calculated the GC content of each gene in five nucleomorph genomes of chlorarachniophytes and cryptophytes and found a positive correlation between the GC content and the relative transcription level in all five genomes; the GC content tends to be increased depending on the transcription level ( fig. 3A-E) . Furthermore, we identified the 10 most highly and 
